In this paper, we report synthesis of various metallic glass nanostructures such as rods, wires and spheres via plastically deforming bulk metallic glasses in quasi-static compression at room temperature, and the formation mechanism and factors controlling their dimensions are discussed. The nanostructures are formed via viscous flow of softened layers within the shear band. The length of these nanostructures is dominated by the fracture toughness of metallic glass, which determines the temperature rise during plastic deformation and thus the viscosity of the softened layers.
Introduction
One-dimensional nanostructures, such as nanorod, 1) nanowire, 2) have attracted continued interests in fundamental research and applications owing to their unusual properties, which makes these structures promising in applications such as functional and structural nanodevices. 3, 4) Even though nanostructures have been sustained in a variety of materials including oxides, nitrides and pure metals, almost all of them are composed of crystalline states. While glass nanofibers were successfully synthesized in silicon dioxide, 5) production of metallic glass nanostructures still remains intricate as crystallization typically requires lower activation energy for metals than amorphization. Molecular dynamic simulation, 6) however, indicates that under extremely high strain rate, the amorphous state is favored for one-dimensional metallic glass (1DMG), which is confirmed by recent discovery of metallic glass nanowires on the fracture surface of bulk metallic glass (BMG). 7) BMGs show extremely high strength compared to their crystalline counterparts. 8) In spite of the macroscopic brittleness at temperatures below glass transition, 9) nanoscale specimens of BMGs display satisfactory tensile plasticity 10) and further increased strength.
11) It has been well recognized that plastic deformation of BMGs at room temperature are sharply localized into narrow regions termed shear bands, 9, 12, 13) leading to strain softening that counterattacks the bands with extremely high strain rate. 14) Accordingly, despite the origins of softening are still under intense debate, 8) viscosity within shear bands is dramatically reduced in company with extensive temperature increase 15) and some structural changes. 8) Therefore, the material within shear bands can be visualized as a thin layer of viscous fluid and vein patterns, which are reminiscent of that obtained by shearing two solid surfaces containing a thin viscous layer between them, are formed upon fracture. 16) It is suggested that 1DMGs may be attained via plastic deformation, 7) however, the factors that control the size of 1DMGs remain unclear.
In this paper, we report our success in manipulative fabrication of 1DMGs by plastically deforming bulk metallic glasses, and the underlying mechanism tuning their dimensions is analyzed. It is found that the length of 1DMGs depends on the heat generated from dissipated energy upon fracture, which determines the temperature rise, and thus the viscosity, of the materials involved during fracture. Table 1 . [17] [18] [19] [20] [21] [22] The preparation of Ni-based and Zr-based BMGs mainly involved arcmelting ultrasonically cleaned pure elements for at least 4 times under argon atmosphere and subsequent in-situ coppermold casting, while Pd 40 Ni 40 P 20 BMG was synthesized by using induction melting method followed by injection casting. As a result, BMG rods with diameter of 2 mm and Table 1 Summary of properties of BMGs including fracture toughness K Ic , Young's modulus E, Poisson's ratio v and density &. Density is estimated by calculating the weighted average of that of constituent elements.
Experimental Methods

Four
Ni length of $5 cm were obtained. Their glassy nature was verified by X-ray diffraction and differential scanning calorimetry. Plastic deformation of the BMGs was introduced by quasistatic compression employing an Instron 5500R1186 machine with a strain rate of $10 À4 /s at room temperature. The compression specimens with dimensions of 2 mm in diameter and 4 mm in length were cut from the as-prepared BMG rods. Morphological observations were performed employing a Philips XL 30 Environmental highresolution scanning electron microscope (SEM).
Results and Discussion
Figure 1(a) shows SEM morphologies of the fracture surface of Ni 52 Co 10 Nb 23 Ta 15 BMG with intermediate fracture toughness among the sample BMGs. The dimensions of widely observed abundant nanorods are found to be as small as $100 nm in diameter and hundreds of nanometers to a few micrometers in length with an average of 2-3 mm ( Fig. 1(a) ). In addition to nanorods, some nanospheres with characteristic size of less than 50 nm are often found in the vicinity of rods, as indicated by the arrow in Fig. 1(a) . The 1DMG appear to sustain fairly smooth morphologies with round tips, which may arise from the surface tension upon their formation. 23) Nanowires are also occasionally observed with diameter of approximately 100 nm and length of a few micronmeters ( Fig. 1(b) ), which are comparable to those in a recent report. 7) Figure 1(c) shows the fractographies of Pd 40 Ni 40 P 20 BMG with larger fracture toughness in the present work, exhibiting the formation of long nanowires (see the black arrows). The nanowires are typically about 10 mm in length and hundreds of nanometers in diameter. However, none of these 1DMG nanostructures were seen on the fracture surface of the otherwise brittle Ni 59 Zr 20 Ti 16 Si 2 Sn 3 BMG (Fig. 1(d) ). On account of the fracture energy, the diverse length scales of the 1DMG formed in the three BMGs intuitively suggest that whether nanowires, nanorods or nanospheres form is dependent on the fracture toughness of BMGs: The higher the fracture toughness of a BMG, the longer the resulting 1DMG is. This assumption is supported by the average length of wires on the fracture morphologies of ductile Zr 41 Ti 14 Cu 12:5 Ni 10 Be 22:5 (fracture toughness: $86 MPaÁm 1=2 ). As shown in Fig. 1(e) , the diameter of the wires is about a few micrometers, which is much larger than that of the nanowires and rods formed in (Fig. 1(f) ). The distinctive 1DMG sizes in different BMGs therefore substantiate that whether 1DMG can be produced indeed depends on the fracture toughness. Nonetheless, the dependency is not monotonic.
Crystallization was not detected in the post-deformed specimens. 19) Moreover, the temperature in the softened viscous layers was raised to a few thousands of Kelvin, 24) but the duration time of fracture is only on the order of 10 À3 second or even shorter, 15) the cooling rate for these layers was estimated to be as high as 10 6 K/s. This rate is much higher than the critical cooling rate to produce the BMGs, which allows the nanostructures to bypass crystallization upon their formation and to retain their glassy state after cooling to room temperature. Therefore, the 1DMGs are believed to remain their glassy state. It is noteworthy that the atomic packing inside the nanostructures may be different from that of as-cast BMG rods because of their different thermal histories.
Careful inspections on Fig. 1(b) suggest that the 1DMGs may be created by elongating the edge of the vein pattern (black arrows), supported by the premature nanorod at the pattern edge (white arrows). These observations reveal that the formation of nanostructures directly arises from stretching the viscous fluidic layers during shear banding. Thus, the formation process of 1DMGs can be envisioned as follows. With deformation proceeding, shear bands are formed, leading to macroscopic yielding of BMG. Because of intense shear localization, temperature within shear bands can rise beyond the melting temperature of alloys. 24) When primary shear bands transform to a fracture-causing crack, the maximum strain energy is released in form of heat, 24) resulting in an involved thickness during fracture much thicker than that of shear bands, and fluid-like layers are formed which will undergo meniscus instability, 25) as shown in Fig. 2 . Upon fracture, the fluid layers are significantly stretched, inducing the formation of dimples due to meniscus Fig. 1 instability. With fracture proceeding, the fluid layers were stretched into nanoscale films bridging the dimples on the two opposite fracture surfaces (Fig. 2) . Necking of the films occurs when further elongation is exerted, and results in the production of 1DMG, accompanying the vein pattern formation. Yet, whether the fluid layers can be elongated extensively depends on the temperature rise within the materials involved upon fracture, which determines the instantaneous viscosity of fluid layers. 25) SEM observations indicate that there exists an optimum viscosity leading to the formation of long nanowires (Fig. 1 ). An excessively high viscosity gives rise to brittle fracture, during which there is almost no plastic flow occurring along fracture surface. On the other hand, a fluidic layer with too low viscosity suffers loss in the capability to sustain elongation because of the reduction in surface tension. The case resembles the toffee that is dragged at high temperature.
It has been demonstrated that for BMGs, the maximum temperature rise ÁT during fracture 26) ÁT
where v is Poisson's ratio, ' y yield strength, & density, C the thermal capacity, k the thermal conductivity, E Young's modulus. For BMGs, C % 1 J/gK, k % 5 W/mK. V is the maximum crack speed, which can be considered constants for viscous flow. Usually, the span of Poisson's ratio for BMGs is narrow (typically between 0.3 and 0.4) ( Table 1) , which means that the dependence of temperature rise on v variation is small. In addition, the elastic limit, ' y =E, is nearly constant for BMGs. Therefore, the temperature rise, ÁT, relies dominantly on the ratio of fracture toughness K c and density & of BMGs, e.g. K c =&. Figure 3 illustrates the length of 1DMGs estimated from Fig. 1 as a 26) , their fracture surface is composed solely of tiny vein patterns without any 1DMGs formed. This comes from the fact that the low temperature, and so, the high viscosity inside the fluid-like layer. For BMGs with better ductility, the length of 1DMGs increases correspondingly hence nanorods are produced. With higher fracture toughness such as Zr 50 Ni 40 Al 10 BMG, 7) longer wires with diameter on nano scale were formed. However, in BMGs of much higher fracture toughness, for example, Zr 41 Ti 14 Cu 12:5 Ni 10 Be 22:5 , wires have grown beyond nano scale because of the very high temperature reached upon fracture which induces low viscosity and thus make the fluid layer even tend to form microblob instead of long wires ( Fig. 1(e) ).
Conclusions
In this work, 1DMGs including nanowires, nanorods and nanospheres are produced by plastically deforming BMGs. The formation of 1DMGs is accomplished by viscous flow of the soften layers with shear bands upon fracture of BMG samples. Their dimension depends dominantly on the fracture toughness of BMGs. Since nanoscaled BMG possess impressive combination of ductility and strength, 10, 11) the metallic glass nanostructures are expected to have extensive potentials for high-performance applications, such as nanoreinforcement. 27) Our results also bear implications for understanding the fracture processes of BMG materials. 
